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Presented herein is a detailed discussion of the properties of the lattice dynamic and optoelectronic
properties of tantalum(V) oxynitride (TaON) and tantalum(V) nitride (Ta3N5), from experimental and
theoretical standpoint. The active Raman and infra red (IR) frequencies of TaON and Ta3N5 were mea-
sured using confocal Raman and Fourier Transform Infrared spectroscopies (FTIR) and calculated using
the linear response method within the density functional perturbation theory (DFPT). The detailed study
leads to an exhaustive description of the spectra, including the symmetry of the vibrational modes.
Electronic structures of these materials were computed using DFT within the range-separated hybrid
HSE06 exchange–correlation formalism. Electronic and ionic contributions to the dielectric constant
tensors of these materials were obtained from DFPT within the linear response method using the PBE
functional. Furthermore, effective mass of photogenerated holes and electrons at the band edges of these
compounds were computed from the electronic band structure obtained at the DFT/HSE06 level of
theory. The results suggest that anisotropic nature in TaON and Ta3N5 is present in terms of dielectric
constant and effective masses.
& 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Metal nitrides and oxynitrides are a group of important mate-
rials due to their promising and various applications [1]. Metal
nitrides and oxynitrides are formed by full or partial replacement
of oxygen atoms with nitrogen atoms, completely changing the
physical properties of the molecule. The covalent metal–nitrogen
bonds in metal nitrides modify the d-band of the compound si-
milar to that of the noble metal [1–4]. This modiﬁcation introduces
outstanding characteristic of hardness, which leads to high che-
mical and thermal stability as well as mechanical durability [1–4].
Straightforwardly, replacement of oxygen atoms with nitrogen
atoms also changes the optical properties, which potentially en-
ables the utilization of metal nitrides and oxynitrides as safe pig-
ment materials to replace toxic metal-containing pigment mate-
rials [5–9]. Considering that the oxygen replacement with nitrogen
results in bandgap reduction, additional interest in metal nitrides
and oxynitrides fuels their development as visible light-responsive
photocatalysts [10–12].Inc. This is an open access article u
K. Takanabe).Tantalum oxynitride (TaON) and tantalum nitride (Ta3N5) are of
particular interest as visible-light-responsive photocatalysts due to
their ideal bandgaps (2.6 eV and 2.1 eV for TaON and Ta3N5, re-
spectively) and suitable band positions for water splitting [13–18].
Both materials are typically synthesized by nitridation of tantalum
oxide (Ta2O5) at elevated temperatures [3,14,17,18]. This nitrida-
tion reaction proceeds by solid state diffusion of anion replace-
ments (N3 vs. O2), which requires the substitution of three
oxygen atoms with two nitrogen atoms to maintain a high oxi-
dation state of the Ta d0 electronic conﬁguration (Ta5þ) [19–21].
Additionally, in a more complicated manner, gaseous NH3 si-
multaneously decomposes to nitrogen and hydrogen at high
temperatures either on the surface of materials catalytically or in
the gas phase homogeneously [22,23]. Because the N 2p orbitals
have a higher energy level than O 2p orbitals, this replacement
process leads to a bandgap reduction. The valence band of TaON
consists of hybridization of O 2p and N 2p orbitals, whereas that of
Ta3N5 consists of N 2p orbitals; the band energy is therefore more
negative than the oxide. On the other hand, the conduction band
edges of Ta3N5 consist predominantly of empty Ta 5d orbitals,
resulting in similar energy levels to those of corresponding metal
oxides. Consequently, these materials possess appropriate band
levels for water splitting, as well as a narrow bandgap allowingnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Lattice dynamics of the materials are important to understand
the structure and the phase transition of the solids, which will
provide the information regarding the quality of crystal structure.
In spite of its importance, very limited information was found on
TaON and Ta3N5 lattice dynamics [4,27]. Raman and IR spectro-
scopies are fundamental techniques to investigate lattice dynamics
of materials. From the spectra, which are ruled by the symmetry of
the crystal, a wide range of information can be obtained, including
the strength of interatomic bonds, crystalline symmetry, degree of
crystallinity, orientation, presence of mechanical strain, composi-
tion of multicomponent matter, and the effects of pressure and
temperature on phase transformations [28–31].
In line with their possible application as promising visible
light-responsive photocatalysts, the extensive research on the to-
pic is mainly focused on improving the photocatalytic activity of
TaON and Ta3N5 and understanding the characteristic nature of
these materials [32–35]. Many studies reported the optical prop-
erties as well as the band positions of TaON and Ta3N5, along with
some theoretical calculations of the effects of oxygen replacement
[17,24,27,36–38]. In addition to the electronic band structure and
UV–visible optical absorption features of these two compounds
computed using HSE06, we address important fundamental
parameters of these two semiconductors for photocatalysis, such
as dielectric constants and charge carrier effective masses ob-
tained from ﬁrst-principles computations based on the DFPT/PBE
and DFT/HSE06 methods, respectively. We elucidated the re-
spective values relative to each crystallographic orientation.
We herein discuss a joint theoretical and experimental in-
vestigation of the properties of the lattice dynamic and optoelec-
tronic properties of TaON and Ta3N5 materials prepared in our
laboratory using high-temperature nitridation of commercially
available crystalline Ta2O5. We trust that this type of advanced
studies from both measurements and computations on these in-
trinsic parameters will give a new guideline for materials design.2. Experimental and theoretical methods
2.1. Synthesis of TaON and Ta3N5
TaON and Ta3N5 particles were obtained by heating the oxide
precursor (Ta2O5, Z99.99% metal basis, o5 μm, Sigma-Aldrich))
under NH3 ﬂow, as reported elsewhere [25,27]. In a typical ex-
periment, a total of 0.5 g Ta2O5 was wrapped with quartz wool and
placed in a tube furnace (i.e., in the center of a tubular furnace to
minimize the temperature gradient during the nitridation). Prior
to nitridation, N2 was introduced into the furnace at a ﬂow rate of
200 mL min1 for 30 min at room temperature to remove air. The
nitridation was conducted at 900 °C with a heating rate of
5 °C min1 and was held at this temperature for 15 h under a NH3
ﬂow of 200 mL min1. The sample was allowed to cool to room
temperature inside a tube furnace under NH3 ﬂow. The pure TaON
phase was prepared by applying a similar procedure of nitridation
with 200 mL min1 ﬂow of NH3 gas but with H2O vapor
(∼0.03 atm) added using a water saturator. To selectively prepare
the TaON phase, the presence of H2O vapor is required, as reported
in our previous work [25].
2.2. Characterization
The crystal structures of the prepared samples were de-
termined using a Bruker D8 Advanced A25 diffractometer equip-
ped with a Cu X-ray tube (Cu–Kα; λ¼0.15418 nm) operated at
40 kV and 40 mA. A linear position-sensitive detector with an
opening of 2.9° was used. The diffractometer was conﬁgured witha 0.44° divergence slit, a 2.9° anti-scatter slit, 2.5° Soller slits, and a
nickel ﬁlter to attenuate contributions from Cu–Kβ ﬂuorescence.
Data sets were acquired in continuous scanning mode over the 2θ
range of 10–80°. The X-ray diffraction (XRD) pattern of TaON was
reﬁned using the monoclinic structure (β-TaON, space group P21/c
(No 14)) taken from ICSD database card 98662. The proﬁle para-
meters included the scale factor, a sample displacement para-
meter, and a three-term polynomial for the background. The
fundamental-parameters approach analytically calculates the in-
strumental broadening in the peak proﬁle. The particle size was
calculated from the Lorentzian contribution of this proﬁle. The
Rwp, RBragg, and goodness of ﬁt (GOF) were in the range of 6, 2 and
2, respectively. The XRD pattern of Ta3N5 was reﬁned with a si-
milar method using the orthorhombic structure (space group
Cmcm (No 63)) taken from card 1005006 in the ICSD database. The
Rwp, RBragg, and goodness of ﬁt (GOF) were in the range of 4, 2 and
2, respectively.
Raman spectra of TaON and Ta3N5 nanopowders have been
acquired using a NT-MDT NTEGRA nano- and micro-Raman setup
equipped with a Raman spectrometer, three laser sources, in-
cluding a He–Ne laser (λ¼632.8 nm) and solid state lasers (λ¼532
and 473 nm), and a Peltier cooled Andor iDus 420 CCD. In micro-
Raman mode, the confocal optics allow a spatial resolution below
500 nm in the x, y plane when the instrumental spectral resolution
is 1.5 cm1. All spectra were acquired using 632.8, 532 and 473 nm
as excitation wavelengths in the z(x,x)z backscattering geometry.
The level of laser power was chosen to have a good signal to noise
ratio and to minimize thermal effects in the spectra and the
photodegradation of the powders. Acquisition times were set to
variable values to yield comparable intensities for spectra of dif-
ferent samples and to further reduce the noise. Any spectrum is
the result of the average of three consecutive spectra acquired
from the same spot. Using the same equipment, photo-
luminescence (PL) spectra were also acquired using the two higher
energy excitation wavelengths. All samples were prepared by drop
casting ethanol dispersions of TaON and Ta3N5 powders on
200 μm thick glass microscope slides. Low temperature IR spectra
of the samples were recorded using a FTIR spectrometer (Perkin
Elmer Spectrum 100) with a mid-infrared deuterated triglycine
sulfate (MIR-DTGS) detector. The spectra were obtained at a re-
solution of 4 cm1 in the range of 4000–650 cm1 and with the
accumulation of 32 scans. Room temperature IR spectra were ac-
quired using a FTIR spectrometer (Bruker Tensor 37) in the atte-
nuated total reﬂection conﬁguration (ATR). The spectra were ob-
tained at a resolution of 4 cm1 in the range of 4000–360 cm1
and with the accumulation of 64 scans.
2.3. Theoretical methods
TaON monoclinic (space group is P21/c) and Ta3N5 orthor-
hombic (space group is Cmcm) crystal structures were optimized
by means of DFT within the PBE functional [39] and the PAW ap-
proach [40] using Vienna Ab-initio Simulation Package (VASP)
program [41–44]. Their Brillouin zones were sampled with
666 and 933 Monkhorst–Pack k-point grids [45]. Cutoff
energies of 400 and 605.4 eV were used for the wave functions
and for charge augmentations, respectively. The ionic coordinates
and cell parameters were fully optimized until the values of all of
the residual force components were less than 0.01 eV Å. The
convergence criterion for the SCF cycles was ﬁxed at 105 eV.
Lattice dynamics calculations were obtained using the linear re-
sponse method within the density functional perturbation theory
(DFPT) implemented in VASP [41–44] within the PBE functional [39].
The force constant matrix elements obtained from the calculated
Hellman–Feynman forces were imported into the PHONON program
[46,47], where the dynamical matrix was constructed using the
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values of the diagonalized matrix, were then obtained and assigned
using the irreducible representation of the symmetry group.
Electronic density of states and k-space band-structure calcu-
lations were carried out by DFT within the range-separated hybrid
HSE06 exchange–correlation functional [48] using VASP program
[41–44]. The valence atomic conﬁgurations used in the calcula-
tions were 5d36s2 for Ta, 2s22p4 for O, and 2s22p3 for N. The tet-
rahedron method with Blöchl corrections for the Brillouin zone
integration was adopted for the density of states, while Gaussian
smearing was considered for the energy dispersion curves.
UV–visible optical absorption calculations were performed by
applying the DFPT implemented in VASP [41–44] using the HSE06
functional [48]. The absorption curves were obtained from the
imaginary part of the frequency-dependent dielectric function,
which is calculated by summing all possible electronic tran-
sitions from occupied to unoccupied states in the Brillouin
zone weighted with the momentum matrix elements
describing the probability of transition as follows:
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frequency of the incident light, and v and c represent the valenceFig. 1. XRD patterns and crystal structures of TaON and Taand conduction bands, respectively. k
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Static (including the electronic and ionic contributions) di-
electric constant tensors of these materials were obtained from
DFPT within the linear response method implemented in VASP
[41–44] using PBE [40]. Effective mass tensors of photogenerated
holes and electrons at the band edges of these compounds were
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and reciprocal lattice vector along the crystal.3. Results and discussion
3.1. Structural characterization
XRD characterization was performed to investigate the crystal
structures of the synthesized materials. The XRD patterns of TaON
and Ta3N5 are shown in Fig. 1. Under the same nitridation condi-
tions (i.e., at 900 °C for 15 h under 200 mL min1 NH3 ﬂow), single
phase XRD patterns for β-TaON and Ta3N5 were obtained with and
without the introduction of H2O into the NH3 ﬂow, respectively3N5. Color legend: Ta in gray, O in red, and N in blue.
Table 1
Experimental and theoretical lattice parameters and atom positions of TaON and Ta3N5.
Lattice parameter Calculation Experiment (Rietveld analysis)
a (Å) b (Å) c (Å) α (°) β (°) γ (°) a (Å) b (Å) c (Å) α (°) β (°) γ (°)
TaON 4.97 5.03 5.18 90 99.7 90 4.97 5.04 5.18 90 99.8 90
Ta3N5 3.89 10.25 10.27 90 90 90 3.89 10.22 10.27 90 90 90
Atom positions x y z x y z
TaON Ta (4e) 0.294 0.045 0.214 0.291 0.045 0.215
O (4e) 0.063 0.327 0.345 0.075 0.336 0.346
N (4e) 0.440 0.756 0.481 0.447 0.750 0.474
Ta3N5 Ta1 (4e) 0 0.198 0.250 0 0.197 0.250
Ta2 (8e) 0 0.133 0.559 0 0.134 0.560
N1 (4e) 0 0.764 0.250 0 0.762 0.250
N2 (8e) 0 0.046 0.120 0 0.044 0.116
N3 (8e) 0 0.309 0.073 0 0.304 0.072
Fig. 2. Raman spectra of TaON and Ta3N5 acquired using λ¼632.8 nm as excitation
wavelength. The inset shows enlarged spectra at low wavenumbers.
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β-TaON has a monoclinic structure with space group P21/c, which
is composed of edge-sharing irregular TaO3N4 polyhedra (Fig. 1).
Each Ta is coordinated to three O (that are 3-fold coordinated) and
four N (that are 4-fold coordinated) with Ta–O bond lengths ran-
ging from 2.03 to 2.15 Å and Ta–N bond lengths ranging from 2.06
to 2.13 Å. Ta3N5 has an orthorhombic structure with space group
Cmcm, which is composed of edge-sharing irregular TaN6 octahe-
dra (Fig. 1). Each Ta is coordinated by two N (that are 3-fold co-
ordinated) and four N (that are 4-fold coordinated) with Ta–N
bond lengths ranging from 2.0 to 2.23 Å. The crystallite sizes for
TaON and Ta3N5 were 50 and 53 nm, respectively, calculated from
the Scherrer equation. Additionally, the lattice parameters of TaON
and Ta3N5 obtained from the XRD measurements are listed in
Table 1. As shown in Table 1, our calculated lattice parameters for
TaON and Ta3N5 at the DFT/PBE level of theory are found to be in
excellent agreement with the current experimental data.
Although the XRD patterns show a pure phase, the formation of
the exact stoichiometry of TaON and Ta3N5 was not possible
[25,27]. In the case of Ta3N5 synthesized at high temperature, a
considerable amount of remaining oxygen was found, and giving a
typical O/N ratio of ∼0.05 indicates the presence of a non-stoi-
chiometric or defective compound [25]. Several non-stoichio-
metric chemical compositions were also proposed for TaON sam-
ples with various O/N ratios [25,27].
3.2. Raman and IR spectra
TaON crystallizes preferentially in the more stable monoclinic
β-phase baddeleyite, bearing a P21/c space group. For this crystal,
group theory predicts 18 active Raman modes 9Agþ9Bg and 15 IR
active modes 8Auþ7Bu. Ta3N5 is known to crystallize in the or-
thorhombic structure with space group Cmcm. For this spatial
group, theory predicts in total 24 Raman active modes 8Agþ16Bg
and 21 IR active modes 3Auþ18Bu. Raman and IR active modes
were obtained from the respective spectra. Raman frequencies
could be determined with very high precision, but the predicted IR
frequencies were less precise due to temperature and instrumental
broadening. Moreover, the lower spectral range of the FTIR spec-
trometer is limited to 360 cm1.
In Fig. 2, Raman spectra for TaON and Ta3N5 measured using
632.8 nm excitation wavelength are shown. For both of these
materials, we can observe that the more intense peaks are accu-
mulated at low wavenumbers, namely in the 100–300 cm1
spectral range. The inset of Fig. 2 is a magniﬁcation of the spectra
in the low frequency range that helps better discern low frequencylines. Table 2 reports all TaON and Ta3N5 Raman frequencies that
were measured experimentally and calculated by DFPT/PBE
method. It is necessary to remark that this method does not per-
form full-phonon calculations; therefore, it is possible to assign to
the observed Raman and IR modes symmetry with respect to only
the main axis (A or B symbols) and the identity i (gerade or un-
gerade). It is not possible to distinguish between longitudinal and
transverse modes or combined modes. Furthermore, to predict the
overtones, a Raman spectrum simulation would also be necessary.
Additionally, the model can reproduce the experimental data ac-
curately, especially at low wavenumbers and in general better for
Ta3N5 than for TaON.
Analyzing the experimental Raman frequencies of TaON and
putting them in relation with the theoretical frequencies obtained
by DFPT/PBE methods, there is a fairly good agreement at low
wavenumbers (o500 cm1) in this case, though not as good as for
Ta3N5. Experimentally observed frequencies 127, 140 170, 178 and
258 cm1 are quite accurately reproduced by theoretical method.
At higher wavenumbers, say above 664 cm1, the agreement be-
tween the experimental and computed values is less evident; the
difference in this case can be up to 10 cm1. An analogous beha-
vior was observed for Ta3N5 frequencies. For both materials, some
Table 2
Experimental and theoretical Raman frequencies of Ta3N5 and TaON. The values
marked with * are frequencies observed in resonance conditions only, that is, when
λex¼532 nm and λex¼473 nm were used as excitation wavelengths.
Raman
Ta3N5 β-TaON
Exp. DFPT/PBE Mode Exp. DFPT/PBE Mode
ω (cm1) ω (cm1) ω (cm1) ω (cm1)
96.7 Bg 127 131.5 Ag
102 104.5 Bg 140 143.8 Ag
117.3 Bg 144.7 Bg
118.5 Bg 170 173.9 Bg
122 123 Bg 178 183.8 Ag
138 137.8 Ag 228
152 156.7 Bg 258 257.6 Ag
168 167.2 Bg 262.5 Bg
181 183.2 Bg 312
200 198.9 Bg 371
215 381.4 Bg
230 229.8 Ag 415 419.7 Ag
234.8 Bg 430 434.2 Ag
263.7 Bg 500 503.1 Ag
266 267.6 Ag 506.9 Bg
400 396.6 Ag 527 518 Bg
495 495.4 Bg 573
524 519.8 Ag 660 652.9 Ag
596.6 Bg 689 680.6 Bg
597.1 Bg 743 735.6 Bg
601 606 Ag 759 752.2 Ag
658* 840.2 Bg
749 741.6 Bg
823*
850.6 Bg
869 859.3 Ag
900 893.8 Ag
Fig. 3. Raman spectra of TaON acquired using three excitation wavelengths.
Fig. 4. Raman spectra of Ta3N5 acquired using three excitation wavelengths.
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experimentally. A possible simple explanation for this may be that
these modes have a low scattering cross-section and that the
peaks are consequently hidden in the background. On the other
hand, a few modes observed experimentally are not predicted by
the theory. This happens especially for TaON where, as previously
reported [25] small non-stoichiometries that are not detectable in
the XRD pattern might give rise to Ta3N5-like and Ta2O5-like vi-
brational modes that are expected to have a very small scattering
cross-section. It must be stressed that the theoretical model does
not take these non-stoichiometries into account; thus, only modes
of the ideal stoichiometric crystal are predicted.
Looking in detail at the Raman frequencies of Ta3N5, we can see
that there is a particularly good agreement at low wavenumbers
(o500 cm1) between the experimental and theoretical fre-
quencies obtained by the calculation. Most intense peaks at low
wavenumbers, such as 102, 123, 138, 168, 230, 266, 400 and
495 cm1, are very well matched by the theory within 3–4 cm1,
but at higher wavenumbers, the agreement is less evident. Ex-
perimental modes at 524 and 601 cm1 are still quite well re-
produced by computed values within 5 cm1, yet for peaks at 749,
869, and 900 cm1, there is a larger variation in the range of
10 cm1. This behavior at higher wavenumbers was expected ac-
cording to several reports where the low energy part of the ex-
perimental spectrum is always better matched by theory than the
higher energy part [52,53]. The appearance of peaks at 658 and
825 cm1 labeled with * will be discussed later.
In addition to Raman spectra acquired using an excitation wa-
velength of 632.8 nm, we performed Raman measurements on
TaON and Ta3N5 at resonance conditions using, λex¼532 nm
(2.33 eV) and λex¼473 nm (2.62 eV). Raman spectra of TaON and
Ta3N5 acquired using the three excitation wavelengths reportedabove are shown in Figs. 3 and 4, respectively. Analyzing the TaON
spectra in Fig. 3, it can be noted that the PL background signal was
very weak with λex¼532 nm, and there was basically no re-
sonance enhancement because the TaON bandgap energy
(2.76 eV) was substantially larger than the excitation energy
(2.33 eV). With λex¼473 nm (2.66 eV) the bandgap of TaON is
activated, so that PL and resonant Raman were both enabled. For
TaON, by changing the excitation wavelength from 632.8 to
532 nm, the relative intensity between peaks remained unvaried
(except ωAg¼415 cm1), but for λex¼473 nm, there was an evi-
dent overall enhancement of the peaks and a noteworthy PL
background. For λex¼532 nm, a PL background was only barely
observable and there was only a weak Raman enhancement at
high wavenumbers. From these additional measurements, we can
infer that modes at 181, 266, 400, 524 cm1 for Ta3N5 and 178,
258, 415, 527, 660, 743, and 759 cm1 for TaON were likely long-
itudinal optical modes (LO), given the apparent coupling between
vibrational modes and the electronic excitation manifesting as an
overall enhancement of the Raman intensities. This feature has
been already reported for other polar materials such as CdS, ZnS,
ZnO and other metal chalcogenides and pnictides and it is origi-
nated by the interaction between longitudinal optical phonons
and electrons. [54–56]. This feature is also particularly visible for
LO-phonons overtones resulting in an intensity enhancement
Fig. 5. Photoluminescence spectra of TaON and Ta3N5 with two excitation
wavelengths.
Table 3
Experimental and theoretical IR frequencies of Ta3N5 and TaON.
IR
Ta3N5 β-TaON
Exp. DFPT/PBE Mode Exp. DFPT/PBE Mode
ω (cm1) ω (cm1) ω (cm1) ω (cm1)
83.5 Bu 160.8 Au
86.3 Bu 195.1 Au
89 Bu 261.3 Bu
169.2 Au 267 Au
274.4 Bu 272.5 Bu
286.7 Bu 389.17 369 Bu
320.7 Bu 427.2 Bu
328.6 Bu 437.1 Au
392.21 391.1 Bu 451.7 Au
468.1 Au 487.36 497.3 Bu
475.6 Bu 520.36 512.1 Au
510.98 510.6 Bu 558.7 Bu
512.9 Bu 621.7 Au
541.7 Bu 777.69 764.3 Bu
547.3 Bu 825.96 825.5 Au
550.7 Bu 893.45
579.7 Bu
677.05 680.7 Au
692.9 Bu
705.3 Bu
779.68 779.6 Bu
858.68
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intensity ratio ILO/I2LO, an estimation of the magnitude of electron–
phonon interaction can be obtained [54,56]. Returning to the
Ta3N5 case, it can be seen in Fig. 4 that the Raman spectra of Ta3N5
acquired using λex¼532 and 473 nm present some additional
peaks that cannot be observed in the λex¼632.8 nm spectrum, in
particular for λex¼532 nm at higher wavenumbers. These modes,
occurring at 658 and 823 cm1, were not predicted by the theory,
and given that these peaks were rather broad, they could be LO
overtones that in non-resonance conditions were too weak to be
observed. In particular, the peak at 823 cm1 observed with
λex¼532 nm might be the second overtone (3ωAg) of
ωAg¼266 cm1, and the peak at 523 cm1, which was not very
well matched by the theory, might be its ﬁrst overtone 2ωAg. The
distance between the peaks was compatible with this hypothesis
because they are spaced of approximately the double and the
triple of the ﬁrst order peak ωAg¼266 cm1. Something similar
can be observed for the TaON spectra, where two broad peaks that
were just perceptible with λex¼632.8 nm became more evident
with the increase of the excitation wavelength. Even in this case,
frequencies at 258, 527 and 808 cm1 might be assigned to the
ﬁrst order and to the two overtones of a LO mode. However, these
remain just speculations, and a full phonon calculation will be
necessary to identify LO overtones throughout the spectrum. A
more intriguing explanation is that these modes originated from
different localized non-stoichiometries in the crystal that can be
activated by one or various excitation wavelengths. Nevertheless,
to conﬁrm this, suitable calculations taking into account the local
non-stoichiometries would be necessary. For Ta3N5, having a
bandgap of 2.1 eV, the PL was activated by both excitation wave-
lengths 2.33 and 2.62 eV, and at the same time, the intensity of
some Raman modes were enhanced. A peculiar behavior was ob-
served for the intensity of two speciﬁc modes when a different
excitation energy was used, in particular for ω¼495 cm1 that
was enhanced with λex¼473 nm and ω¼523 cm1 enhanced
with λex¼532 nm. This may be due to a combined effect of re-
sonant Raman and coupling with PL that falls in two different
spectral regions related to the excitation wavelength, as seen in
the PL spectra in Fig. 5 (details will be discussed later). At low
wavenumbers for both Ta3N5 and TaON, Raman modes are ap-
parently not affected by resonance, nor there is any coupling with
PL when λex¼532 nm is used. For λex¼473 nm, the laser edge
ﬁlter cut out all of the peaks below 170 cm1, and it was not
possible to see whether there was a Raman enhancement due to
resonance or not.
Table 3 lists the computed and experimental IR frequency va-
lues that were possible to identify from the FTIR spectra of TaON
and Ta3N5 shown in Fig. 6. The spectral range of interest was
spanning from 360 cm1, which was the lowest instrumental
limit, to approximately 1000 cm1. From the comparison with
theoretical values, we can see that there is a good agreement with
the experimental frequencies. The model seems to work very well
for both materials, even at high wavenumbers, but again, fre-
quencies of Ta3N5 are better reproduced than the TaON ones,
especially at low wavenumbers. Nevertheless, most of the theo-
retically predicted modes cannot be associated with any experi-
mental peak, probably because they are hidden in the background
due to the low intensity. Moreover, a part of the spectrum, namely
below 360 cm1, could not be measured experimentally due to
the instrumental limitation.
3.3. UV–visible optical absorption properties and electronic structure
In Fig. 5, we report PL spectra of Ta3N5 and TaON powders ac-
quired using 473 and 532 nm lasers as excitation sources. Any
attempts to get a PL signal using a standard spectroﬂuorimeter
Fig. 6. FTIR spectra of Ta3N5 and TaON acquired with the attenuated total re-
ﬂectance (ATR) conﬁguration.
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intensity. It can be noticed that Ta3N5 has a quite narrow PL cen-
tered at 580 nm that is much more intense when λex¼532 nm is
used. This PL is related to the direct bandgap transition at Γ-point
(2.2 eV) with energy slightly lower to the absorption onset due to
non-radiative recombination. For TaON the PL band is centered at
655 nm and the intensity in this case is much higher with
λex¼473 nm, and there is almost no emission with λex¼532 nm.
The relatively low energy of the PL band and its broadness might
be ascribed to the presence of defects and non-stoichiometries as
reported in [25] that can cause a non-radiative recombination.
Bandgap energies for TaON and Ta3N5 were determined from
Tauc's plots of the DR UV–vis spectra of the samples. Tauc's plots
for direct allowed transition (Figs. 6 and 7) showed the measured
bandgaps for TaON and Ta3N5 of 2.76 and 2.11 eV, respectively.
Figs. 6 and 7 also show the calculated electronic density of states
and energy dispersion diagrams of TaON and Ta3N5, respectively,
at the DFT/HSE06 level of theory. For TaON (Fig. 7), our electronic
analysis indicated a valence bandwidth within the 0–1.2 eV range
dominated by occupied N 2 p states whereas the lower part wasFig. 7. Tauc's plot for direct band gap, electronic density of states (DOS) and k-space ba
legend: total DOS (black) and the partial contributions from Ta 5d orbitals (blue), O 2pfound to be governed by occupied O 2 p states, in line with the
lower electronegativity of O with respect to N. The conduction
band of this compound primarily consists of empty Ta 5d states
(Fig. 7). Our HSE06 calculations predict this material to be a direct
(at the Γ point) semiconductor with a bandgap energy of 3.0 eV, as
shown in Fig. 7. The lowest-energy bandgap of this compound
originates from direct N 2p6-Ta 5d0 orbital transitions. Our calcu-
lated direct bandgap of 3.0 eV shows a discrepancy of ∼0.2 eV
compared to the current experimental data. Note that our pre-
dicted bandgap energy values with HSE06 of 2.7 eV for
TaO0.90N1.06 and 2.5 eV for TaO0.81N1.12 closely match the current
experimental data. This result indicates that the experimentally
prepared tantalum oxynitride material might not be fully stoi-
chiometric but slightly enriched in N, closer to TaO0.81N1.12 rather
than TaON [25]. This consideration is also consistent with the
broad tailing beyond the band gap in Tauc's plot (Fig. 7). In the case
of Ta3N5, the valence band is dominated by fully ﬁlled N 2p states
while the conduction band is mainly composed of Ta 5d states
(Fig. 8). This compound can be identiﬁed as a direct (at the Γ or Y
point) or an indirect (Γ–Y) semiconductor with the same bandgap
energy of 2.2 eV (Fig. 8), inconsistent with the previous report for
Ta3N5 where indirect nature was simulated [57]. Here, the direct or
indirect electronic excitations from N 2p6 orbitals to Ta 5d0 orbitals
characterize the lowest-energy bandgap of this material. As ex-
pected, our predicted bandgap energy of 2.2 eV with HSE06 mat-
ches very well the current experimental data reported on the
synthesized Ta3N5 samples (∼2.1 eV). This result conﬁrms once
again the crucial need of using HSE06 functional for obtaining
accurate bandgap values over PBE functional. We also checked the
spin–orbit coupling effect on the electronic structures of TaON and
Ta3N5 materials at the DFT/PBE level and very small decreases of
0.03 eV in the bandgaps were obtained in both cases.
To understand the UV–visible light absorption behaviors inside the
crystal lattice of these two materials, we calculated their imaginary
part of the frequency-dependent dielectric function over the three
principal light polarization vectors as a function of the photon energy
using the DFPT/HSE06 method. The obtained spectra are displayed in
Fig. 9. In the case of TaON, our optical analysis shows an important
anisotropy near the absorption edge. Fig. 9 gives an absorption onset
at 3.0 eV, corresponding to the lowest-energy bandgap of this com-
pound shown in Fig. 7, when the light is polarized along the b- or c-
axis of the monoclinic lattice. In contrast, the absorption edge was
found to be situated at higher energy (3.5 eV) for a light polarizationnd structure diagrams computed at the DFT/HSE06 level of theory for TaON. Color
orbitals (green), and N 2p orbitals (red). Fermi level is set at 0 eV.
Fig. 8. Tauc's plot for direct band gap, electronic density of states (DOS) and k-space band structure diagrams computed at the DFT/HSE06 level of theory for Ta3N5. Color
legend: total DOS (black) and the partial contributions from Ta 5d orbitals (blue) and N 2p orbitals (red). Fermi level is set at 0 eV.
Table 4
Static dielectric constants ( 0ε ), effective masses of holes (mh*) and electrons (me*) of
TaON and Ta3N5 computed at two different levels of theory. m0 is the free electron
mass.
Compound Direction 0ε m m/h 0* m m/e 0*
(DFPT/PBE) (DFT/HSE06) (DFT/HSE06)
TaON 100 21.02 1.17 0.21
010 33.88 1.73 0.31
001 22.56 0.27 0.42
Ta3N5 100 35.15 3.38 1.94
010 39.68 0.85 0.60
001 53.88 0.85 0.60
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tropy near the absorption edge was revealed because of the strong
dependence on the light polarization vector. When the light is polar-
ized along the a-axis of the orthorhombic lattice, the absorption onset
is found to occur at 2.2 eV which gives the lowest-energy bandgap of
this material (Fig. 8). Nevertheless, for a light polarization along b- or
c-axis of the crystal, the absorption edge is found to be situated at
higher energy (2.5 eV).
3.4. Dielectric constant and charge carrier effective masses
To obtain insight into the exciton dissociation ability in these
two compounds, we calculated their static dielectric constant and
compared to previous experimental studies on semiconductors
used in photovoltaic devices showing that a value of 10 or more is
quite enough to obtain a good exciton dissociation into free charge
carriers [58–64]. Our calculated diagonal components of the static
dielectric tensors are reported in Table 4. For TaON, high values of
21.02, 33.88 and 22.56 are obtained along [001], [010] and [001]
directions, respectively, indicating that TaON has excellent dielectricFig. 9. Imaginary part of the frequency-dependent dielectric function along with the thr
for TaON and Ta3N5. Red, blue, and green curves correspond to xx, yy, and zz componenproperties along the three crystallographic directions. Our calcu-
lated average value of 25.8 matches well the available experimental
one [65]. In the case of Ta3N5, higher dielectric constants of 35.15,
39.68 and 53.88 are obtained along the principal crystallographic
directions with an average value of 43. Consequently, the ability for
exciton dissociation into free charge carriers is expected to be easier
with Ta3N5 than with TaON.ee principal light polarization vectors computed at the DFPT/HSE06 level of theory
ts, respectively.
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Ta3N5 materials, we computed the charge carrier effective masses
and compared to previous experimental works on semiconductors
used in photovoltaic devices revealing that the values smaller than
0.5m0 are required, at least in one crystallographic direction, to
obtain a good mobility [58–64]. We report in Table 4 our calcu-
lated effective masses of photogenerated holes and electrons at
the band edges using the k-space electronic band structure com-
puted at the DFT/HSE06 level of theory. In the case of TaON, the
smallest hole effective mass was found to be along [001] direction
with m m0.27h 0* = and the smallest electron effective mass was
found to be along [100] direction with m m0.21e 0* = . This means
that the highest hole mobility is expected to be along [001] di-
rection while the highest electron mobility is expected to be along
[100] direction. As these two obtained effective masses were re-
latively small (lower than 0.5m0), good charge carrier transport
properties are expected along these two speciﬁc directions. The
anisotropy of this material improves exciton dissociation and
creates an electric ﬁeld inside the crystal, which may help to
prevent electron and hole recombination. For Ta3N5, the smallest
hole and electron effective masses are both found to be either
along [001] or [010] direction withmh*=0.85m0 andme*=0.6m0, and
the highest hole and electron mobilities are expected to be along
these two speciﬁc directions. However, these two obtained values
are larger than 0.5m0 (threshold value), and hence relatively poor
charge carrier transport properties are expected along this speciﬁc
direction. Note that the obtained hole and electron effective
masses along [100] direction were found to be much larger than
0.5m0, and very low charge carrier mobilities are expected along
this direction. It is noteworthy that the current data using DFT/
HSE06 level of theory had a subtle discrepancy with the reported
values using DFT/PBE level of theory [55], as expected from dif-
ferent calculated energy diagrams (Figs. 7 and 8).4. Conclusions
Our experimental investigation of Raman and IR spectroscopies
on TaON and Ta3N5 showed good agreement with calculated va-
lues using the DFPT/PBE. These two materials are very weak
photoluminescent materials, where only bandgap recombination
at Γ-point was observable as a major contribution for photo-
luminescence when only a strong light source was used. The
electronic structures of these materials computed at the DFT/
HSE06 level of theory accurately reproduced the measured band-
gaps. The spin–orbit coupling has minimal effects on the electronic
structures and bandgap of TaON and Ta3N5 materials. Both the
dielectric constant and charge carrier effective mass tensors of
these materials computed using the DFPT/PBE and DFT/HSE06
methods, respectively, suggest that anisotropic nature of these
properties in TaON and Ta3N5 is prevalent.Acknowledgment
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